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ABSTRACT

Thin-film cryotrons with tin gate thickness reproducible to with-
in 5% and lead control films having less than one micron pepumbra have
been fabricated. For such films, formed under carefully controlled
evaporation conditions, tin critical temperatures are reproducible to
within 0.005°K and critical currents for the cryotron to about * 5%
with comparable tolerances for the low temperature resistivity of the
tin. A detailed discussion of apparatus designed for control of evapora-
tion parameters and film geometry is given. Study of film formation
through monitoring of film conductance has yielded infQrmation regard-
ing the nature of the scattering of conduction electrons at the walls of
the film. Films formed at or annealed at room temperature show purely
spectral scattering. In addition, such studies reveal a minimum critical
thickness for onset of electrical conduction of about 90 X for both tin
and lead. This value is obtained for very large deposition rates inde-

pendent of substrate temperature.
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I INTRODUCTION

Formation of a single evaporated film relatively free from impuri-
ties, with sharp edges, and of a desired thickness so that its supercon-
ducting properties are reproducible is a problem which has been dealt

with in great detail, }* %3

Building up successive layers of such films

to form a reproducible circuit represents an order of magnitude increase
in difficulty. To ensure resistanceless contact between layers of metal

it is imperative that the vacuum not be broken between depositions. This
is also important in limiting the opportunities for contamination of metal
layers which are subsequently to be covered by an insulating film. Pro-
vision must be made then for evaporation of several materials and inter-
position of several differently shaped masks between source and substrate
during a single evacuation. A desire to test the reproducibility of at

least two circuits made during a single evacuation compounds the problems

somewhat.

The particular multilayer structure concentrated on was the thin-
film cryotron composed of a lead ground shield, tin gate, and lead con-
trol with layers of polymer insulation between metal films. Cryotron
operation entails switching of the gate film from the superconducting state
to the resistive state by the combination of current flowing directly through
the gate and the magnetic field generated by a current in the control film
The control ideally remains in the superconducting state regardless of the
magnitude of the current it carries. The edge region normally associated
with evaporated films, where the thickness is less than that of the main
body of the film, can lead to unwanted switching cf the contrcl {ilm or
unpredictable switching behavior for the gate film. Thus it is important
not only to exercise control of film thickness in the main body of the {ilm
but also to minimize the extent of the film edge so that the resulting film

has uniform thickness across its entire width

For single films, lands of material (e g., indium solder) serve to
provide contact to the evaporated film and also contact to an external

circuit where the resistance (and hence thickness) of the film can be
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observed. The mask can be placed in physical contact with the substrate,
thus ensuring small penumbra for films somewhat independent of source
dimensions and source-substrate distance. Thus a simple planar strip
vapor source may be used and high deposition rates result with little
heating. A minimum amount of ghielding and cocling then ensures low

pressures during deposition and acceptably small impurity content.

In multilayer circuits, limiting the penumbra becomes more of a
problem. Masks cannot be placed directly against the substrate since
this would result in destruction of films previously deposited. Thus the
source dimensions, source-mask distance, and mask-substrate distance
are highly relevant. Sources must be found which are not only of small
dimension, but which deliver reasonable and uniform deposition rates
while deposition pressures remain acceptably low. Deposition rates,
of course, also depend on source-substrate distance and here again a
compromise must be made. Further, means must be provided for adjust-

ing mask-substrate distances.

Another step involves making electrical contact to the film during
deposition so that its conductance can be monmitored. Finally, sufficiently
sensitive and automatic recording equipment mnust be designed and

assembled.

Methods and equipment have heen develcoed which are generally
applicable to formation of thin-film circuitry by evaporation and these
are described in the followinag pages. The conditions under which geomet-
rically reproducible cryotrons could be prodvced were determined and a
study made of the resultant uniformity «f the.» electrical and supercon-

ducing properties.
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1I. APPARATUS AND PROCEDURE

The assembled vacuum system employed in this study is shown
in Fig. 1. The labelled components within the volume defined by the
bell jar and the top and base plates will be described and their functions
discussed in Sections II. A-E. This volume 1s evacuated by a Consoli-
dated Electrodynamic Corp., Type MCF 300, 4-inch diffusion pump
employing DOW Corning 704 silicone o0il. A CEC water-cooled Baffle,
Type WB-40, is positioned between the diffusion pump and base plate.
This baffle is maintained at 278°K with a recirculating refrigeration

unit.

A, Vapor Sources and Pressure Control

The vapor sources presently in use are radiatively heated
isothermal ovens with a small tubular opening as shown in Fig. 2.
These consist of a molybdenum container, with a press fit top, fitted
into four thin tantalum sheets through which current is passed. The
tantalum sheets are anchored at either end by heavier copper bars.
Once the oven reaches an equilibrium temperature, the deposition
rate remains quite uniform nearly until the evaporation of the last
remnant of material in the oven. The current-voltage setting for the
vapor sources did not prove to be a good measure of soucce tempera-
ture and hence deposition rate. Consequently, if a particular deposi-
tion rate was desired, one specimen was monitored during the warmup
period for the source and the source temperature adjusted until the
desired rate of change of conductance was obtainerd. Then evaporations
were performed on the remaining substrates. Waith the substrate
located 8.5' from the source, typical deposition rates were 25 R/sec
for tin and 50 &/sec for lead.

The uniformity of the spatial flux distribution of such pseudo-point
sources was found to depend markedly on the ratio of the length of the
cylindrical opening to its diameter, being much more sharply concen-
trated directly above the source for a long narrow opening. By suitably
shortening the opening, areas about 3'' in diameter located 10'' from the

source could be coated with less than 5% variation in thickness.
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Figure 1 - Vapor Deposition Unit Used for Producing Cryotrons,
Lettered Components Are Discussed in Detail in Text.
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Figure 1
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Figure 2 - Vapor Source. Upper Portion Shows Molybdenum
Container and Heater Strips Separately.
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One end of all sources for a given fabrication is attached to
a common shaft rotatable from outside the vacuum system as shown in
Fig. 3. This shaft lies near the center of the radiation shield which
surrounds the vapor-source assembly. The shield acts as a limiting
stop so that radiation is received only from the molten metal and not
the heater strips. Inside near the circurmnference of the shield lies a
second vertical shaft which extends outside the vacuum system and pro-
vides contact to the other end of the particular source selected for an
evaporation. This consists of a fixed outer cylinder and lip and a cen-
tral hat of adjustable elevation which clamps the selected source in
position. The electrodes are hollow so that water may be circulated
through them during heating of the vapor sources as well as through
the coils wound about the shielding tower. The electrodes are in a
chamber separated from the remainder of the tower by walls forming
a sector. This prevents contamination of other vapor sources during
heating of a particular one. Also this chamber may be out-gassed by
heating up an auxiliary strip before deposition begins. The body of the
tower is out-gassed by passing live steam through the coils about it
during the initial pumping of the vacuum system. The steam is also

circulated through the hollow source electrodes. A Mylar sheet is

tween them to aid in out-gassing the bell jar and top plate. Once the
system has been out-gassed, cold water is passed through the coils

about the shielding tower and through the source electrodes. In addi-

tion there are two large surfaces cooled to liquid nitrogen temperat ire
which act as pumps for vapors condensible at that temperature; e.g.,
carbon dioxide and water vapor. After these heating and cooling steps,
pressure during deposition can be maintained at less than 5 x 10"7 mm Hg.
with the deposition rates quoted above. The ionization pressure gauge was
mounted directly in the top plate, as far from the diffusion pump as pos-
sible, so its reading should represent an ui;per value for the system

pressure.
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Conservative estimates of concentrations of gases which may
be present during deposition of a tin film on a substrate at room tempera-
ture, without deterimental effects on the characteristics of the transition
from the superconducting state to the normal state indaced by ar. external
magnetic field, have been established.4 For a deposition rate of 50 .&/sec,
the allowable partial pressure P in millimeters of mercury for various
gases likely to be present in the vacuum system are:
<5x1078

Plo,)

-7
P(HZO) < 4x10

-7
p(COz) < 8x10

-5

p 10

(N,, CO, CH,) <

20
The presence of impurities in the thinner regions of the film near the
edge was manifested at about these partial pressures but the properties
of the bulk of the film were not affected appreciably until the partial
pressures became an order of magnitude larger. Thus if special care
is taken to obtain sharp film edges then allowable partial pressures o s

be an order of magnitude larger than those listed abhove,

Edges on our tin films were quite shatp :lue to the heating
which they experienced during parts of the fabrisaticn proceduve (c.f,
Sec. II.D). This led to agglomeration of the thinner porticrs of the
film and their resultant separation from the rawn budy »f the filx, Thus,
disregarding the differences which evaporatior. on a cooled substrate w.ay
make in the allowable partial pressures, tctal depsgit.cr. predsures ¢t
less than 5 x 10_7 mm Hg for a tin deposition rate of abeat 25 K/sec seer
to be within a safe range. This is particularly true -0 only a small por -
tion of this pressure is accounted for by oxygen molecules. The prablem
of impurities in the lead film is perhaps less severe since all that is re-
quired in this case 1s to prevent transition of any of its regiuns to the nor-
mal state. This can be done by limiting the extent of its edges and thus

eliminating thin regions of the film.
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B. Substrate Preparation

Films are deposited on quartz or glass discs 1'' in diameter
and 1/8"" thick. Either material may be mechanically polished to give
a surface free from scratches and optically flat, A careful cleaning pro-
cedure is carried out involving a hand wash in detergent, ultrasonic
rinse in distilled water, immersion in boiling distilled water, and
finally a vapor degreasing. The cleanliness of the substrate at any
point in the procedure may be tested by observing the uniformity with
which a drop of distilled water spreads over its surface. Clean sub-
strates are mounted on the stainless steel well of Fig. 1, the tempera-
ture of which may be controlled externally by addition of coolants or
insertion of a heater. To ensure good thermal contact between sub-
strate and well, a smear of vacuum grease is placed under the substrate
before it is glued on with Duco cement. A copper-constantan or chromel-
alumel thermocouple is attached to the well near the substrate. Attach-
ment of a second thermocouple directly to the substrate established that
the correlation between well temperature and substrate temperature was
sufficiently good so that the former temperature gave an adequate indi-

cation of substrate temperature.

Substrates are sufficiently far removed from the sources
and thermal contact to the well is good enough so that the substrate tem-
perature does not measurably increase due to radiation from the source

during the course of evaporations lasting a few minutes.

C. Masks and Collimator

The masks used to shape the desired circuits are mounted
on a wheel which may be rotated from cutside the system, thus bring-
ing any one of five masks into position beneath the substrate. The
wheel is also mounted on an adjustable screw mechanism so that its
elevation can be changed. A locking mechanism guarantees accurate
registration of different masks once they have been individually cen-
tered and aligned on the wheel. Each mask consists of four sub-masks

as shown in Fig. 4 which allows four geometrically similar circuits to
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be built up on four different substrates during a single evacuation.
The knife edges comprising the mask are ground and mounted at an
angle to the incident atomic flux such that the probability of atoms
being scattered from the front surface of one blade behind the other
blade is minimized. The mounting for the blades ensures that they
are coplanar to within 0,001"'.

Mounted on but insulated from the mask are a pair of
copper-beryllium probes at each end of the masking slit. If contact
material (lead) has previously been evaporated into the electrode
areas, continuity between pairs serves to signal a selected distance
of approach between mask and substrate. The extent of the probes
above the mask can be adjusted to approximately 0.001''. With this
mask substrate separation d, a source mask distance R = 8.5', and
a lead vapor source opening s = 3/32'', a penumbra of several microns
was observed although when calculated from the relationship d(®*/R)
it should be less than 1/2u. For lead deposition rates of about 50 X/sec,
the density of lead atoms near the source is sufficiently high that fre-
quent collisions occur, thus giving rise to a source effectively much
larger than the actual source. Installation of a set of collimating slits
above the lead source ensures that only those atoms rising directly
from the chimney of the oven reach the substrate. Accurate alignment
of the vapor source is then necessary so that the entire source is
visible through the masking slit and collimator at the substrate; if this
is not true, a film of varying thickness across its width results. A com-
bination of vernier, pointer, crosshairs, and mirror enable alignment
of vapor source and top plate to within 0, 06",

D, Deposition of Insulating Films

Layers of insulation, which must be present between layers
of superconducting metal, are formed by polymerization of silicone oil
bombarded by electrons. 5 The electron spray required is provided by
an electron gun mounted on a rotatable arm so that it may be brought
into position beneath the substrates. In addition, the gun i{s provided



897'1-0003-RU--000
Page 12

with a nearly circular motion such that it travels at about 5 rpm beneath
the centers of each of the four substrates during deposition. The oil is
supplied at any desired rate by heating a copper ring source container
warmed by nichrome heater wires. A thermocouple is attached to the
oil source and the rate of oil deposition controlled by the source tem-
perature. Typical insulation deposition rates are 25 X/min. After
formation of the insulation, the substrate is heated to drive off any
undecomposed oil in readiness for the next metal evaporation. It was
found that, for insulation deposited on a lead ground shield, exceeding

a temperature of about 340°K resulted in sufficient expansion of the in-
sulating film to cause its rupture. After cooling to deposition tempera-
ture for the metal, new material is evaporated in the electrode areas to
guarantee good contact by the piobes when the masks are again brought
in near proximity to the substrates. In such heating and cooling pro-
cesses about five minutes must be allowed for the front surface of the
quartz substrate to reach the well temperature. Somewhat longer times
were required to reach thermal equilibrium when glass was used as
substrate material.

Some difficulty was experienced at times in obtaining and
retaining electrical insulation due to large particles ejected during the
lead ground plane or tin gate evaporation. If a particle appeared in the
lead film it could not be adequately covered. Particles released in the
tin evaporation would punch a hole in the existing insulation upon impact
with the substrate. The particles could either be formed of atoms like
the material being evaporated ov of foreign atoms. For very large
evaporation rates, lumps of the material being evaporated were forced
out of the opening to the oven source. After use of a source for many
evaporations, during which same amount of alloying had taken place
at the oven walls, particles composed of foreign atoms could appear.

E. Film Conductance Monitoring

The spacing probes mentioned above provide a means for
monitoring the film conductance during deposition and hence film thick-
ness. Electrical leads to the probes are brought out of the system
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Figure 5 - Schematic of Circuit Utilized for Monitoring of
Small Film Conductance. B Denotes the Film
Resistance and Bs a Standar& Resistance.

through pressed teflon seals at either end of thehollow rotatable shaft
on which the mask holding wheel is mounted. With good thermal con-
tact between quartz substrate and well, bringing the probes in contact
with the substrate does not result in any measurable change in substrate

tempe rature.

The circuit employed in conductance measurements is
either that of Fig. 5 or that of Fig. 6. The former circuit was used
for detection and recording of small conductances (~ 10-5 ﬂ-l ). The

remainder of the deposition was monitored using the second circuit.
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Figure 6 - Schematic Diagram of Film Conductance Monitoring Circuit
Employing Self-Balancing Potentiometer. R. denotes the
Film Resistance and Bs a Standard Resistance,
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This employs a self -balancing potentiometer to maintain a constant
voltage across the film. The voltage driving the recorder will then
always be strictly proportional to film conductance. This is true for
the simpler circuit only if the standard resistance Rs is much less
than the film resistance Rf . The current in the input loop of the self-
balancing potentiometeir is a microampere or less so that the effect of
contact resistance should be negligible. This is important in ensuring
that a given conductance, as indicated by a certain recorder deflection,

corresponds to a given film conductance and hence thickness.

Provision was made for easy switching between circuits of
different sensitivity so that the whole course of the deposition could be
followed using two or three scales. A dual-channel Varian strip chart
recorder having a chart speed of 8''/min. was used to record the con-
ductances of two of the four films evaporated. A second was used to
record pressure and monitor various temperatures, particularly

substrate temperature, during deposition,

F. Film Thickness Measurements

The gate-film thicknesses were measured interferometrically
either by the Tolansky method6 or by a method which makes use of a
modified Fabry-Perot interferometer. 7 The former method is accurate
to about 200 X, whereas the latter is accurate to about 25 £. Film
thicknesses were also calculated from values of room temperature
resistance. Values of resistivity used in such calculations were
11.5 x 10-6 Q-cm and 22 x 10'6 2-cm for tin and lead respectively,
(Consistent with the results of Appendix A, no corrections were made
for scattering of electrons at the walls of the film.) Taking into account
measurement error, the thicknesses of lead film determined by these
two methods agree. However, for tin films the thickness calculated
from resistance was consistently about 20% lower than that measured
interferometrically., Presumably this is accounted for by a somewhat

higher film resistivity than pure bulk resistivity for this material.
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G. Cryostat and Electrical Measuring Equipment

The cryostat used to obtain a low temperature environment
is essentially that described in a previous report 8 and is shown along
with the electrical measuring equipment in Fig. 7. A source of slowly
rising current was provided by a sawtooth generator with adjustable
sweep speeds. A sweep speed was selected which was sufficiently slow
that use of slower sweep speeds traced out essentially the same curve,.
Curves were plotted directly on a Model 35 Moseley X - Y recorder. The
lowest voltage sensitivity available, through use of a Model 425A
Hewlett-Packard micro-volt ammeter as a preamplifier for the recorder,
was 5uv/cm. Current sensitivity could be varied upward from 0.5 ma/cm.
Current and voltage could be measured with about 1% accuracy using this

arrangement.

Some difficulty was experienced with test specimen holders
in obtaining good contact to the evaporated pads on the substrate. A
spring loaded holder with lead-tipped contacts (Fig. 8) was designed
and served well if the oxide was periodically removed from the lead

contacts.
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Figure 8 - Speciment Holder for Cryotron Test at Low Temperatures
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III. DEPOSITION RESULTS

A. Control of Film Thickness

For the reproducibility measurements, deposition of tin
and lead films was carried out at dry ice and acetone temperature
(195° K). At this temperature and for a tin deposition rate of 27 X/aec
the conductance vs. time curve appears in Fig. 9. The exact form of
the curve is quite dependent on deposition rate and substrate tempera-
ture. A detailed discussion of the conductance curves for tin and lead
is given in Appendix A, The deposition was interrupted when the con-
ductance reached a predetermined value. Two of the four specimens
were monitored; in each case these two films reached the same conduc-
tance value in equal times (after correction for slight differences in
film width). This indicates that effects of substrate roughness, stresses
at film-substrate boundaries (and in the body of the film) and anisotropy
are the same for all specimens, at least as regards their effect on
electrical conductivity. Also they reached the same room temperature
conductance so that the annealing properties are uniform from film to
film.

The reproducibility in thickness realized using such a
scheme is within a 5% range for different runs. Part of the variation
is operator error since provision has not as yet been made for auto-
matic closing of a shutter blocking the vapor stream as the conductance
reaches a predetermined value. Also there is some difficulty in zeroing
the recorder exactly due to drift in the instrument. The remainder of
the fluctuation is probably due primarily to small variations in substrate
temperature and deposition pressure or composition of residual gases,
any of which might tend to change slightly the resistivity of the deposited
material and hence the numerical relationship between conductance and
thickness. No striking correlations of this nature have been noted
however.
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B. Control of Film Edges

By using collimators to limit source size and positioning
the mask within a mil of the substrate, lead films several microns thick
have been formed with penumbra less than lu. An evaporated cross-
film cryotron is shown in Fig. 10 along with a magnified view of the lead
control film and a portion of the tin gate film. Note that the boundary
of the tin film is also very distinct due to the agglomeration and separa-
tion of the edge when the tin film was heated to about 340°K. After
several evaporations it was found that, for the lead films, scattering
became more and more prevalent. This was due to build-up of lead
on the front surface of the knife edges, thus allowing scattering of
material in the shadows of the slits. Removal of previously deposited
lead with a weak solution of acetic acid and hydrogen peroxide alleviated
this situation.
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Figure 10 - Vacuum Deposited Thin-Film Cryotron With 480 Micron

Gate and 23 Micron Control. The Lead Control Film on
The Left and a Portion of the Tin Gate Film are Shown

In the Bottom Photographs at 400 x Magnification. The
Tin Film Proper is on the Extreme Right.
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IV, ELECTRICAL AND SUPERCONDUCTIVE PROPERTIES OF FILMS

A, Low Temperature Resistance

The ratio of room temperature resistance to resistance at 4. 2°k
proved to be nearly constant at 50, there being only slightly more than t 5%
variation even with no account taken of the small range of gate thicknesses.
The low temperature resistance can be fully accounted for in terms of ran-
dom scattering of electrons at the walls of the film as given by the Sond-
heimer theory. 9 For low temperatures and moderately thin films (lo 2 10t)

the resistance is given by the approximate expression:

R(T) = (1)

gj~

1
p. (T) 1_(T)
° ° t7(0.34+1.7logro/t)
where
1 is the length of the film

w is the width of the film
t is the thickness of the film

[ (T) is the resistivity of bulk material of the same
composition as the film (i.e., same
number of lattice defects) at tempera-
ture T

1 (T) is the electron mean free path at tempera-
ture T for bulk material,

Taking Po (4;2o K) =1.8x 1.0-8 Q-cm and lo (4.,Z°K) = 15,8
leads to calculated resistances agreeing with the resistances measured for
tin., These values of Po and 1, were determined experimentally by mea-
suring R (4. 2°) for f{Ims of widely varying thickness. The largest film
thickness employed was, however, still small compared with lo (4.Z°)
so that Eq. 1 is valid. The slope of a log R, log t plot is then given
simply by

dl:‘ltl - 24 1.7 @)
0.34 + 1.7 1log "oft
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and involves only the mean free path. Setting this expression equal to
the slope of the experimental curve at a given thickness then determines
10 and from the magnitude of R (4.2) at that thickness, Po (4.2) is

determined.

1l Q- cm2 compares favorably

-1l S'I-cm‘2 from

Our value p 1 = 2.8x 107
Mo em® and 2.3 x 10

with values of Po 1 =2,0x10
measurements at 4 K on thin tin foils 10 or along the c axis of a single

crystal of tin11 respectively.

B. Critical Temperature

A typical plot of gate voltage vs. gate current with control
current as parameter is shown in Fig. 11, Critical temperatures for the
gate film were determined to within O, 005°K by varying tne temperature
of the helium bath in small steps and noting the first appearance of zero
slope on such a plot. Although the critical temperatures were approxi-
mately 0. 1°K higher than that for bulk tin, nevertheless they were very
reproducible, differing by no more than 0. 005°K.

C. Critical Currents

Currents of critical import are the gate current required
(with no control current) for first appearance of gate resistance It and
for restoration of the major portion of the gate resistance Ic; also the
control current I'k' which makes registive the entire portion of the gate
directly under the control for gate currents approaching zero, and the
gate current Ie which for this value of control current causes the entire
gate to become resistive., These are indicated in Fig. 1l..

Measurements of critical currents were made at several
temperatures within about 0, 6°K of the critical temperature. The re-
sults for a number of cryotrons at three temperatures are included in
Table I. All currents except Ic show variations of no more than * 5%
for each of the three bath temperatures listed. The general dependence
of these '‘critical'' currents on bath temperature is shown in Fig. 12,
This has been discussed in some detail elsewhere 12 along with the
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importance of these currents in connection with operation of circuits
employing cryotrons. It would be expected that Ic would show the
greatest variation since it, being explained largely in terms of joule
heating, is quite sensitive to the number of resistive sections of a bar;

i.e., to the degree of imperfection in width or thickness of a film.

It is of interest that the variation quoted is the same whether
we consider specimens made during a single evaporation or on subsequent
evaporations. This indicates that such variations are of a random struc-
tural nature rather than characteristic of a particular set of evaporation
conditions. Also, it is worthy of special note that the tin deposition
rates were inadvertently varied by a factor of about three and this again
led to no greater fluctuation in superconducting properties.

The initial slope of the gate vgitage vs. gate current curve
with l‘k' flowing through the control is just the gate resistance lying undcr
the control. Comparison of this resistance with the full gate resistance
gives a measure of control width., It is found, within experimental erro:
to be exactly what is measured optically so that, electrically speaking, the
control edges are sharp to within the tolerance mentioned previously, of

about one micron.

It should be mentioned that all measurements were carried out
on cryotrons having a ground shield. Without a ground shield, transitions
are not nearly as sharp and critical currents are lower. Ground shields
also greatly reduce the self inductance of strips placed near them so that
any application of cryotrons would almost surely employ ground planes.
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APPENDIX A

BEHAVIOR OF FILM CONDUCTANCE DURING DEPOSITION

As films of lead and tin are deposited, the conductance vs. time
curves can be observed for all ranges of conductance., Such measure-
ments have been made for lead films deposited on substrates of widely
varying temperature (300° K, 255°K, 195°K. 77°K) and for tin films
(300°K. 195° K). At 195°K for both materials, the deposition rates
were varied from a few Angstroms per second to about a hundred Ang-
stroms per second. As might be anticipated, all curves have in com-
mon a region where no conductance occurs since initially the film is a
series of islands of material which do not form an electrically continuous
path, However, after conduction begins, the conductance has quite a
varied behavior depending on substrate temperature and deposition rate.
Fig. 13 shows a series of conductance curves for lead films formed at
three different temperatures for a deposition rate of about 17 X/ sec.
The conductances have been normalized so that the slopes of all curves,
in the thicker film region, equal the slope of Curve 2. Presumably at
some temperature between 77°K and 195°K a curve occurs which is
essentially a straight line through the point where conduction is first
recorded. This will be referred to as Curve 3. A near example of such
a curve is that of Fig. 9.

The main features of the conductance curves may be explained in
terms of scattering of conducticn electrons at the walls of the film and
migration of atoms (cr small groups of atoins) along the surface of the
substrate. Once this has been established, useful and interesting infor-
mation can be extracted from the conductance curves regarding these two
phenomena. The discussion will be divided into two sections. The first
illustrates the manner in which interaction of the phenomena of wall
scattering and that of surface migra.ion determines specific forms for
the conductance curves. Conclusions are then drawn regarding the exact
nature of the wall scattering under varying conditions, i.e., whether
random or spectral. The second section examines the changes in the
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delay time for conduction to begin with substrate temperatnre and depo-
gition rate. What seems to be a minimum critical thickness for the
onset of conduction in a given material is determined. This occurs for

very large deposition rates, fairly independent of substrate temperature.

1. Shape of Conductance Curves

If a deposition is interrupted shortly after conduction begins,
the conductance decreases if the substrate is maintained at that tempera-
ture. This is presumably because surface migration of atoms takes place
and causes bunching in the film. Initially a large number of nuclei may be
considered present, but some may grow at the expense of others. The
phenomenon of surface migration is instrumental in both determining the
delay times before electrical continuity is .achieved and in shaping the
initial portions of the conductance curve. As can be noted from Fig. 13,
increasing substrate temperature, for a fixed deposition rate, involves
a transition from curves (4) to (3) to (2) to (1). At a particular substrate
temperature below room temperature, say 195°K, the sequence of curves
having shapes (2), (3), (4) is passed through as the deposition rate in-
creases. For low deposition rates, time is allowed for a significant
amount of surface migration. If the substrate temperature is high, the
surface mobility of the atoms is increased. Under either of these con-
ditions a rougher film is formed initially and there is an appreciable
time inter -al (convex portion of 2) where all parts of the film are being
joined together. This time interval is even larger at 300° K, but quite
small under conditions where Curve 3 or Curve 4 occurs. A conductance
curve having convex shape, when viewed from the origin of coordinates,
indicates that as the deposition proceeds, the rate at which isolated lands
of material join the continuous portion of the film becomes smaller.

It seems reasonable that this would be true regardless of
deposition rate or temperature of substrate, However, Curves 3 and 4
seem to represent a variation from this behavior. Another factor, the
surface scattering mentioned on Page 23 must be considered. It is
easily seen from Eq. 1 that such scattering leads to a conductance curve
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which is concave toward the origin for small thicknesses, as observed
in Curve 4 and effectively counter-balanced in Curve 3. Under condi-
tions where Curves 1 or 2 are formed, Eq. 1 is probably not valid since
at the time conduction begins, the islands of material have thicknesses
which are several hundred angstroms and are therefore comparable with

the electron mean free path.

For thicknesses much larger than the elcciron mean free
path, film conductance E(T) at temperature T, including effects of wall

scattering, is given by the approximate expression:

t (o)

C(T)=7\V—P—-m[l°'§"(l-p) t

o

/] (T)]
(A.1)

where the symbols are those defined in Sec. IV with the exception of p
which has values between zero and one corresponding respectively to
purely random scattering or purely spectral scattering of electrons at
the walls of the film. All conductance curves seem to behave in accor-
dance with this relation at large thicknesses.

Referring to Fig, 13, it is noted that the linear portion of
Curve 1 extrapolates back through the origin, within experimental error.
This implies for deposition of lead at this temperature, at least for
thicker films, that p = 1 so that wall scattering is purely spectral.
The same conclusion is reached for tin deposited at room temperature
since the conductance curve in this instance again has the form of Curve
1. For curves (2), (3), or (4), p is certainly less than one. We can
obtain an exact value for p from Eq. A.l, provided lo (T) is known,
by simply extrapolating the linear portions of any one curve back to the
time (or equivalently the thickness) axis and noting the value of the in-
tercept. We have previously found ﬁol—o at 4.2°K for tin. If it is
assumed this product remains constant with temperature:

Po (Ty) £, (T)) = py (Tp) 2, (T,) (A.2)
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Taking as value for Lo at 195°K the bulk value, then Lo at 195°K
can be calculated. Referring to Fig., 9 we find in this way that at 195°K
for tin, p is about four-tenths. Lack of direct experimental knowledge
concerning £° for lead prohibits calculation of p at reduced substrate

temperatures.

If a deposition at a reduced temperature is interrupted when
the film thickness lies in the linear region of the conductance curve and
the substrate is allowed to reside at this temperature for a long period
of time, no significant change in conductance occurs. If, however, the
film is warmed to 300° K and recooled to the deposition temperature,
one finds the conductance has risen to a point which lies on Curve 1.
Annealing the films thus has the effect of making the wall scattering more
spectral, i.e., the film surface smoother. Similar results in the anneal-

ing of gold films 13

have been observed. Here also p becomes larger
as annealing is carried out, Such annealing can remove dislocations or,
by expulsion of gas, cause closer packing of atoms and less resultant

surface area.

All measurements in the reproducibility studies were made
on tin films annealed at room temperature or above and as we have seen,
such annealed films seem to exhibit purely spectral scattering. It is
thus somewhat surprising that Eq. 1, which is valid for purely random
scattering, fits the experimental resistances at 4. 2°K. Possibly there
18 a change from spectral to random scattering as the ratio of film thick-
ness to mean free path becomes smaller. What may be happening, in
effect, is that in each process involving scattering of an electron at the
surface of the film, some part of the knowledge concerning the initial
direction of motion of the electron is lost. After many such processes
the scattering could become randomized. However, this would be
possible only if the electron experienced many encounters with the sur-
face of the film between scatterings by a phonon or lattice imperfection,
i.e,, if the mean free path is large compared with film thickness. This
sort of dependence of the nature of the scattering on lolt has been

observed previously in cesium films 14 deposited at 70°K and in sodium

wires !9 at 4.2°K.
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2. Delay Time Before Onset of Electrical Conduction

The delay time before electrical continuity appears, when
plotted against the reciprocal of the deposition rate, is shown in Fig. 14
for tin and in Fig. 15 for lead at three different substrate temperatures.
For each point on these curves there is a critical thickness tc » given by
the product of deposition rate and delay time at that point, which must be
deposited before conduction begins. The variation of critical thickness
with reciprocal deposition rate appears in Fig. 16 for tin and in Fig. 17
for lead. Referring to the latter figure, we see that the critical thick-
ness increases with decreasing deposition rate. This presumably re-
sults fromithe formation of larger, more widely-spaced islands of material
due to the time allowed for surface migration of atoms at lower deposi-
tion rates. The increase in critical thickness with decreasing deposition
rate for tin does not seem as pronounced as for lead. This is perhaps
not unexpected since surface migration is felt to be more serious for
lead than for tin.

If surface migration was the sole factor determining critical
thickness then for very large deposition rates, the critical thickness
should approach zero. This is not the case for either lead or tin. A
possible reason for this is the statistical fluctuation in the uniformity of
the vapor flux, It will surely not be continuous down to atomic dimen-
sions, due to the discrete nature of the atoms, even if there is a very
large number of atoms in the vapor stream. On this basis, the critical
thickness extrapolated to infinitely large deposition rate should be inde-
pendent of substrate temperature. Within the limits of experimental
error indicated in Fig., 17, this seems to be the case. The error arises
mainly from an uncertainty in the exact values of delay time. The uncer-
tainty is a fixed amount regardless of deposition rate. Thus at high
deposition rates, where the delay times are small, the uncertainty in
delay time can be an appreciable part of the total value. Minimum
values of critical thickness, given by the intercept on the critical thick-
ness axis, appear to be in the range 80 & to 90 £ for both lead and tin.
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Figure 18 shows the variation of critical thickness of lead
films with substrate temperature for a moderate deposition rate of about
16 X/sec. For this rate it appears that little is gained, in the way of
more dense nucleation, by going from 195°K to 77°K. This is even
more true for higher deposition rates where critical thicknesses, for
all substrate temperatures, tend to the same value. The curve becomes
nearly a horizontal line in this case. For smaller deposition rates per-
haps the variation in critical thickness with substrate temperature is

more exponential, rather than linear, at the higher temperatures.

Disregarding the actual distribution in size and shape of
nuclei, we can get some idea of their average size at the time conduction
begins by considering them to be uniform in size and hemispherical in
shape. The relation between their diameter D and the critical thickness
t—c is then given by D = l—: tc . Thus, e.g., for the minimum critical
thicknesses found above the average diameter of nuclei on this basis is

somewaht larger than 300 R for both lead and tin,

For sufficiently low deposition rates it would be expected
that a continuous film would not be formed, since the condensed atoms

would be re-evaporated before an embryo nucleus could be formed. A

relationship for the critical atomic beam density n_ has been given 16
as
n, = Ce -U/kT (A. 3)

where

C is a constant insensitive to temperature

U is the binding energy of condensed atoms to the substrate

T is the substrate temperature.

For silver on glass 17 at 465°K, n_ ~ 3x 1010 atoms/cmzllec.

We are working at much lower temperatures so n. is presumably less
10
than 10

dously higher (~ 1015 atoms/cm?'/oec). It is also true that if atoms join

atoma/cmz/lec. Our lowest deposition rates were still tremen-
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up in pairs they have even greater lifetimes before re-evaporation. Thus
this phenomena could not have played a role in our measurements. The
absence of re-evaporation does not rule out migration, however, since

in general the activation energies for migration processes are quite low
compared with those for evaporation.

It should be pointed out that the form of the conductance curves
is not dependent on the particular variety of substrate material tested
since behavior was identical with quartz, glass, mica, and zinc sulfide or
polymer on quartz. It is however, possible that delay time results might
have been quite different if deposition pressures were widely varied since
absorbed gases on a substrate surface can have a profound effect on the
mobility of condensed atoms.
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APPENDIX B

TABLE OF CRYOTRON PROPERTIES

Glos sary

Element Number

Deposition Pressure

Final Conductance

Thickness, Interferometric

Thickness, Resistance
Deposition Rate

R(300°K)
R(77°K)

R(4.2°K)

R(3. 7°K)

a specific letter A, B, C, or D refers to
cryotrons formed from a particular set
of one of the four sets of masks

average pressure during period of evapora-
tion onto substrate

film conductance as indicated by stiip chart
recorder at cessation of evaporation onto
substrate. Values in parenthesis are
normalized to the width of A

determined interferometrically by Tolansky
method

(a) determined interferometrically by modi-
fied Fabry-Perot method

calculated from film resistance measured
at 300°K

calculated from interferometrically determined
thickness

total film resistance at room temperature

total film resistance at liquid nitrogen
temperature

total film resistance at liquid helium
temperature

resistance of film excluding contact regions
at 3. 7°K

critical tempzarature

threshold current - gate current for first
appearance of gate resistance

dc critical current - gate current for restora-
tion of normal value of gate resistance
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"'k' critical control current - control current which
for small gate current makes resistive the po.-
tion of the gate under the control

Ie thermal propagation current - gate current which

for the critical control current causes restoration
of the entire value of gate resistance

Fixed Parameters of Cryotrons

Substrate crystalline quartz
Deposition Temperature 195°K

Insulation Thickness (Nominal)
Between Gate and Ground Plane 350 X
Between Gate and Control 200 X

Gate and Control Length 1.28 cm

Film Widths (in microns)

Element A B C D
Gate 480 480 470 460
Control (Average) 23.5 27.5 21.0 23.5

(At Gate) 23.0 26.5 19.0 23.0

’
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ADDITIONAL COMMENTS REGARDING ENTRIES IN TABLE I

It should first of all be noted that only the more complete families
of elements on which low temperature measurements were made are
listed in the table. Much preliminary work was carried out to establish
the limits of reproducibility of gate thickness by monitoring resistance.
Also additional evaporations were made to study in more detail the

phenomena associated with the conductance curve.

The gate thickness for A specimens appears in general to be greater
than that for B specimens. This may be due to a preferential tipping of
the vapor source as it is brought into the jaws of the electrode prior to
deposition. Misalignment of the lead vapor source and the collimators
is most likely to occur along the circumference of the circle of rotation
for the source., Misalignment in this dimension results primarily in an
inequality of flux between the pairs A, C and B, D. This effect 1s

readily evident for specimens 2-1-61.

The majority of measurements at liquid helium temperatures were
made on specimens A and B since the gate width of these two cryotrons
is exactly the same. This means It can be compared directly as mea-
sured for these cryotrons. On the other hand since the control widths
were different, Ie and l'k‘ cannot be directly compared. Since Ik' is
directly proportional to control width, normalization to a common width
can be carried out for this parameter. The exact variation of Ie with
control width is not known so comparison of I9 must be made separately
for A and B specimens. The data indicates an inverse dependence of Ie
on control width changing by a factor of 1.07 for control widths differing
by a factor of 1.15. To take into account slight gate thickness variations,
critical currents were plotted versus gate thickness, and a straight line
drawn through the points, Variations of critical currents quoted are devia-

tions from this line,
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